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ABSTRACT

The assumption is inade that a requirement exists for the development of a self-
maneuvcr~ng syste r, for orbital workers. iWuch a system will cunsist of a life suppo'.t
subsystem, maintenance equipment (tools), and a propulsion and control rsubsystem.
This report discunses the general problem areas and specifically reports on5 the
rescarch, development, and testing of the Bell Zero-G Belt, a research propulsion and
control system for maneuvering a man In a weightless environment. The flight tests
of the belt took place on a large airbearing pladnrm and in a C-1 Ml cargo-type alrcraft
during zero-g trijectories. The equations of motion derived during the Bell Aero-
systems Company sponsored development of the Small Rocket Lift Device (Rocket Belt)
are also presented and discussed with respect t.- the Zero-G Belt. Specific eonuluslOkIs
are presented on the adequacy of the research model of a propulsion system and
recommendations are made for additional research and dovelopnment.
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SECTION 1. INTRODUCTION

Man's role in operntional space syiaems will sooner or lAter require him to
perform tasks external to his space vehicle. Anticipating this requirement, the Bell
Aerosystems Company initiated, in 1959, a program of study and development un
systems necessary Wo support and augment an orbital worker's basic capabilities.
This program considered that the configuration of an orbital worker system could vary
from the simplest, a full pressure suit with the required life support, propulsion and
stabilization systems integrated into it, to the more complex, a rigid structuxe on-
capsulating the man and liacluding a well integrated distribution ot the required sub-
systems. These two extreme forms of encapsulation are depicted in Figure 1, which
shows orbital workers in pressure suits and workers encapsulated in a nonanthropo-
morphic capsule called REMORA (1).

The program pursued by Bell assumed that system requirements existed for
both systems, and therefore, engaged in studies of both systems, This report dis-
cusses the work leading up to the development of a Zero-G Belt, the flight teaO'Pg of
the belt and the conclusions and recommendations resulting from this effort.

It should be emphaied that Bell has conducted extensive analyses of the orbital
worker propulsion system over and above those presented in this report. Thees, studies
have been directed toward the design of an operational backpack system inolumng
propulsion, stabilization and control, and life support system. These studies have
resulted in the preliminary design of this system.

The basic assumptl,*n on which the Bell program has been based may be stated
as follows:

The requirement exists for the astronaut to engage in useful activities
outside of his vehicle in both the orbital and planetary environment[.
These aotivilJec will range from emergency egress from his mother
ship to translation to another vehicle, for conducting maintenance,
repair, and assembly functions in space. Such activities require the
joint development of systems capable of sustaining life in the predicted
environments and systems capable of translating the astronaut } tmited
distances with stability, control, and minimum expenditure of propulsive
power and life support system constituents.

To satisfy the requirements of this assumption, expanded reuewrch activities
mudt be undertaken in a number of areas cenitered around the man's capability to
mancuver, with control, in envi-tmuunts of modified gravitational fields. Studies of
this nature will be concerned with the following three major subsystems which com-
prise the orbital worker self-maneuvcring system:
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(a) Life support system

(b) Support equipment (tools and other equipments necessary for the suecessftMl
completion of orbital maintenance activities)

(c) Propulsion, stability and control system

It must be recognized that the efficient development of an orbital workor sys-
tem requires an integrated engineering study of each of these areas. However, this
report is restricted to a discussion of some of the Bell Aerosystuma Company
sponsored research on the analysis anl design of the propulsion and stabilization and
control systems, and discusses the results of test work completed with a prototype
system, the 7ero-G Belt,

The work summarized In this report was Initiated during mid-year 1959 and was
completed In Novembe M61. Subsequent to tho latter date Bell has completed exten-
sive design analyses of operational back-pack propulsion systems including muuno-
propellant, bipropellaht and gas storage systems. In addition to these system studJcs
others have been completed of the stabilization and control system, rendezvous
maneuvers and life support system integration (1 -4). These Bell Aerosystero- Company
sponsored studies are considered outside the scope of the present contract awu are not
presented in this report. For a similar reason the results of the recently completed
USAF sponsored studies are not included in this report.

Figure 2 illustrates the system concepts which hWve been studied ior iaaslational
and rotational control of the orbital worker, These systems encompass the stabiliza-
tion spectrum from completely manual to automatic.

Ay a uumplutuly manual system we mean one in which the controlled quantities
(rotational and translational position, rate or acceleration) arc sensed by the human
and the control Inputs to the propulsion system arc made through pilot initiated control
movements without the assistance of a stabilization augmentation system. The automatic
syskems are those in which the command Inputs are pilot initiated but are maintained at
the commanded value (plus or minus a system threshold error) by automatic senaors and
propula•hn system actuators.

Figure 2 does not represent all possible system configurations, as combinations
of two or more systems may offer enhanced stabilization. For exam .1e, a manual
translational control system may be combined with an automatic a-gular rate control
system. It Mhould be noted, however, that even in automatic systems the command inputs
in terms of rate or position are pilot initiated. Therefore, the function of the automatic
system is to maintain the commanded value of position or rate; the, is, stabilization is'
provided by a simplified closed loop operation which uses the man to close the loop.

The primary parameter which defines the dynamic ponnr• chararteristics .)f

the Zoro-G Belt is the locationr. of the center of mass of the system relative to the point
of appllction of a produced torque or .noment. The use of the full pressura cuit, w•Ith
its flexibility (even though limited), presents some problems In this regard. For' example,
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any time the man repositionn one of his appendages or lifts a tool or some other object,
the location of the center of mass will change. The application of a reaction control
force at such times will result in a thrust vector displaced from the center of tua~s
and will result In a rotation of the orbital worker. Such undesired rotations must be
controlled either by direct rnnnunl nontrol or through the use of one of .he varlouo
automatic systems descried above.



SECTION II. CONCEPT DEVELOPMENT

The roquirement for a personal propulsion system to permit an astronaut to
muvu about in the weight.leass enviroimnent of outer spate was recoguilzed quite early
at the Aerospace Medical Laboratory.* In February of 1958, they initiated a research
program to study the effects of zero gravity on human performnace and to explore th,
necessary characteristics of a propulsion system for a free floating man. The wub-
gravity environment for their studies was provided by flying a cargo type aircraft
through a Keplerian trajectory. The aircraft first used was a C-131 transport that
had been modified to withstand the unique stresses that occur when producing zero
gravity in this manner. By flying the C-131 through the maneuver at its maximumii
safe limits, a period of weightlessness of approximately 15 seconds was experienced.
Additional modifications of the aircraft maee it possible for a subject to free float and
maneuver in a padded area of the cabin that was 8 feet wide, 25 feet long and 6 feet
high.

Although the work of the Aerospace Medical Laboratory covered a wide range of
zero-g experiments, their work on several rudimentLry propulsion systems wis of
particular relevance to the development of the Bell Zero-G belt. The first syk,.4m
tested was a single jot propulsion unit designated the "Mark I". The unit consisted of
6 high pressure "bailout" bottles fastened together and attached to a p, o.asure reduction
system. A 1/8 inch, high pressure line attached the pressure redo, ,on system to a
nozzle that was controlled by a simple trigger. The working pr, -sure of 40u to bOO
psig gave a thrust of approximately three pounds. Flight ter..o of the device proved
that the thrust was too low to be useful for maneuvering iWi the 15-second test period.
However, experience witIV the unit did indicate the importance of accurately aligning
forces through the uenter of mass of the man when straight line translations worc
attempted.

The second system to be tested, the "Mark II, was likewise a single nozzle
unit. It consisted of a high pressure bottle and a special pistol shaped unit combining
the thrust nozzlA end its controller. The nozzle was attauhed to the bottle by a length
of high pressure, flexible tubing. The Marl II had a working pressure of 1800 psig and
produced a thrust of 15 to 17 pounds. Flight tests also proved this unit inadequate.
When the hose was pressurized, it became too stiff to allow accurate alignment of the
thrust or to turn the nozzle with a single hand. However, the amount I I thrust appeared
to be adequate for translation even though uncontrolled rotation fret ,ently occurred
when the nozzle was moved Just a few inches from direct alignment with the operator's
center of mass. Yet, several straight line translations were successfully made.

At this point, just after testing the Mark II unit, an exchange of technical
iWformation between Bell and the Air Force took place. On the one hand, B3ell was

* The name of the Aerospace. Mediral Laboratory has been changed to the
6570th Aerospace Medical Research Laboratories.



carrying on a company ,iponswred developmentt of a rocket belt that would permit a
man to free fly in a nne-g environment and the Air Force a program to develop R
ryntrm that would permit man to fly in a zoro-g Onvironmont

The Bell program consisted of certain theoretiorl and computer stidies,
almulator tests, design studies, subsystem tests, and tethered flights with a coin-
pressed nitrogen system. The validity of this development effort was soon demow.
strated by a number of successful free flights with a completely functional rocket
belt. The results of this work provided important information on the equati,,ns st
mouiun of a froe flying man, the spring constancies of a human body, toe optimum
locati •n of thrust units with rmspect to a man's center of mass, and the stability and
control requirements of a man-propulsion system, Since this lrin.rmfdion had direal.
application for establishing design palanieters of a zero-g propulsion system, a fairly
extensive description of the basic work done by Bell on the SRLD is presented in the
next section.

The relevance of the rocket belt work to the problems of manned flight under
zero-g spurred a company decision to extend its man-propulsion system work to
include the development of a Zero-a Belt. Criteria for a propulsion system of this
type wau tentatively defined by discussions with the Air Force and through cei In
conceptual analyses of the problem area. Although an ultimate space system was
envisioned, it became quite obvious that the immediate requirement was for an interim
or research lanit that could be used in the cabin of tho C-131 when subgravity producing
parabolas were flown. The essential characteristics foi a satisfactory Wst Vr. ', % ore
assumed to include:

(1) The thrust unlt' should be located so that all trauslational forces would be
either through the center of mass of the operator or at his ug level with
paired thrust on each side of the cg axis.

(2) Location of the thrust units for controllinr rotation about any of the three
axes should make a lever arm appropriate to the amount of thrust being
generated to produce a controllable rate of rotation.

(3) The propulsion unit should be capable of producing a suatained thrust of
15 pounds.

(4) The control systemn should be simple, utilize natural movements, And N.'
instantaneously responsive.

(5) The exhaust products of the propulsion system should be neither toxic nor
dangerous, nor otherwise incompatible with an aircraft environment.

(6) If a high pressure, cold gas system was used as a propellh.,t, adequate
safeguards had to be inoorporated into the design to prevent injury to the
operator In the event of structural damage due to a hard fall or contact,
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(7) The total welght of the system to be carried by the operator should he as
light as possible and no* cxceed 65 pounds.

Utilizing theos critoria for catablishing a prelfminary concept, in September of
1959 a Bell design was formulated and a patent application submitted (patent wis isMued
on December 4, 1982). Figures 3, 4, and 5 present an artist's concept oi the original
rdnaign. An engineering design program was initiated shortly thereafter, but actual
construction of a test unit was not started until December of 1960. The initial uznit,
Bell Model 8170, was completely assembled and functionally tested In Marnh, 1961,
First flight tenting of the belt under conditiona of zero gravity took place In April,
1961, and utilized the Aerospace Medical Laburatory's C-131 aircraft.
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SECTION III. DESIGN AIND DEVELOPMENT OF THE ISRLD

As discussed in the previous section, the immnediate predecessor of the Boll
Zero-G Bell was Bell's SRLD (Small Rocket Lift Device, popularly called the rcocket
bclt). The SRLD had its genesis in the first rocket plane to be built and flown in this
country, the Bell X-1A. Early in the development of this aircraft, the requirement
for additional control forces was recognized and lead to the development of a hydrogen
peroxide reaction control system, Experience with the small rocket motors of this
system suggested the technical feasibility of achieving a manned rocket flight by
attaching motors of this type directly to a man's body, The first design of such a
systonm was conceived in 1953 and added a new dimension to the realm of flight by
a successful free flight on 20 April 1961, Figure 6 shows the first model of the
SRLD, It should be pointed out that a number of significant changes have since been
made in the configuration of the SRLD, Figure 7 in a picture of the unit being flown
in the tethering rig, Figure 8 shows the SRLD in one of its first free flights,

The SRLD is a pressurized hydrogen peroxide propulsion system capable of
producing 300 pounds of thrust, It is mounted on a fiberglass corset molded to fit
the operator's body. Two handles, attached to underarm lift rings through a central
lateral pivot point, provide a motorcycle type throttle on the right and a yr,w ooJArol
on the Left, All other control of the system Is generated kinesthetically Iry the opera-
torts body. Two rocket nozzles, one on each side, mounted outboard of the arms and
above the center of gravity, provide the actual lift. The nozzles are fed by P. gas
generator, controlled by the hand throttle. Over 300 successful flights have been

accomplished demonstrating the reliability of the system and its capability, Thus
far, maneuvers such as straight and level flight from point to point, coordinated
and precise turns, hoverlt g, hill climbing and descents, over wal.er and various
physical barriers have bcn demonstrated.

rn its present configuration, the device ts considered to be a feasibility or
research item, Its objectives have been to demonstrate the use of a rocket pro-
pulsion system, carried on a man's back, to translate him over the earth's surface
in controlled flight

Figure 9 is a model schematic of the SRLD. Am depicted, the SRLD is a
hydrogen peroxide propulsion system that is nitrogen pressurized, The nitrogen
bottle is charged through a standard aircraft fill valve to a pressure ot 3000 psi.
Pressure is indicated by a miniature high pressure gauge, Gas flow .s controlled
by a manually operated N2 shutoff valve developed for the Mercury Program. This
is followed by a 10-micron filter which flows into a pressure regulator, A check
valve is Orovided which prevents backflow of H202, Pressure to and .rom the
propellant tankaga is manually controlled by a "pressure and vent" 3-way valve,
A 0-600 psi tank pressure gauge is tied in Just downstream of the pressure
and vent valve along with the relief valve.

12



FIgUre 6. First Model of the HRLD
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The propellant tankage consists of two modified AF type D-2 breathing oxygen
bottles tied together by special bosses. A small shutoff valve is looatod at one end
of the manifold and a tank bleed valve is provided. Overflow tubes are inserted at
a predetermined height. Propellant flows under a pressure of 450 psi from the
manifold to the throttle valve. The throttle valve varie.J the hydrogen peeoxide
flow to the gas generator from zero to maximum, The peroxide is decomposed
by catalytic action in the gas generator, employing a silver soreen catalyst. The
decomposed gpses are directed through, and expanded in, the two exhav.st nozzles
to produce throttleable thrust.

Specifications of the system are:

Propellant Hydrogen Peroxide (90%)
Empty weight 54 lb
Propellant weight 47 lb
Operator weight 175 lb
Takeoff weight 276 lb
Usable duration 26 see
Maximum Range (Horizontal) 1420 ft
Maximum Altitude (Vertical

Ascent) 996 ft
Maximum Altitude (Vertical

Descent) 2000 ft
Maximum Altitude (Vertical

Ascent and Descent) 324 ft

The development hir.tory of the SRLD began in 1953 with several informal design
studies. However, it was not until 1958 that a specific program wax initiated. Of par-
ticular relevance to the Zero-U Belt is the development testing that was done on a
nitrogen propulsion unit, the studies accomplished on a REAC simulator, and various
dynamic analyses,

The first man-lift device built by Bell was flown by several people (under con-
trolled nonditions) to determine feasibility of the rocket belt conzept, The rig incor-
porated two fixed rockel nozzles extending laterally from a shoulder harness, which
under hovering conditions provide a thrust equal to the man-plus-rig weight, In the
test rig, thrust was developed from high pressure nitrogen supplied fr m an external
source through a flexible iose to the rocket nozzles. Figure 10 show,, this test rig
in action. Hovaring flights of short duration were accomplished w'Ith some short
fore, aft, and lateral trenulations, In most of the early tethered flights on this rig,
an uncontrollable lateral oscillation developed which required ternii on of the
flight. For this reason, an analytical study of the stability and control character-
istics of 1;ho proposed rocket belt was made to determine what design modifications
could be inade to insure an acceptable system frow a stability and control standpoint.
Due to the complexities involved in completely simulating human torso dynamics,
a simplIfiod nmathernatical model was u.ed in this analysis. The objectives of the
analysis were to:

17



Figure 10. One .0 R~ocket Belt Test Facility



(1) Solve the equationc of motion for the simplified model to determine
their validity in predicting observed motions and if so, to evaluata
the parameters that affect stability.

(2) Incorporate Into the equations a thrust vwotor control funcdon, both
with and without damping. Evaluate numerically the parameters
involved that affect otability and control.

(3) Determine practical design modifications which would achieve Jeeired
values of the parameters determineJ, eg,, torso orientation and support,
control locations and deflections, damping ratios (and methods) eta.

(4) Study qualitatively techniques to obtain center of &gvIty control (wiLh
fixed nozzles) which takes advantage of natural reactions,

(8) Recommend preferred systems and alternates.

The lateral equations of motion were solved for the nitrogen rig and simplified
as shown in the sketch below.

W/2

- ---- --Hip Axis with
"S Ipring and Stiffness

ZKL K ft-lb/deg

The upper torso is considered rigid, with nozzles rigidly attached. The lower
extremity (below hip axis) is considered to he attached to the upper torso by a spring
of stiffness KL. The solution of the equations of motion (details are given in Appendix
A) show that, once started, the system will translate from side to side through excur-
sions of X and rotate throtigh excurs..ems of 9, both at the same frequency (the lop
swing as pendulums at the same frequency). The frequency of oscillation was found
to be,

19



(A) M.3 7-zLKL rad/soo

The amplitude ratios are,

9 max X I K'IL
F4 =1 and--

where WL Weight of lower extremity, lb

ZL = Distance shown in sketch, ft

KL H Hip axie spring stiffness, ft-lb/deg

K m (KL/ZL + WL/57.3)

I - Total moment of inertia about system eg, slugs ft2

Note: Vertical motions were not conuiderod,

Using torso oata for an average man, the frequency and period of the lye n
were found to be,

- 1,7 rnd/soo

T - 3.7 see

The amplitude fatio, X / 6 - 0.19 ft/degmax max

These values nomp.red reasonably well with the observed values in the test
rig. The time history solutions however, indicated Piat an oscillation, once started.
will persipt at a constant amplitude, while in actual tests amplitudes appeared to
increase with time, It was felt that the increasing amplitudes observed in tests
were operator induced,

As seen from the equations, there are two variable design quantsies which
can produce longerferiods, ZL and KL; i.e., lower values of ZL (lego retracted)
and/or higher values of KL (hip axis stiffness). Because of the agreement between
analytical results and observed test results, the simplified model was 1used as the
basis for analysis and evuluation of design modifications, It is to be noted that the
location of the support point has no significance from this analysis,

Another observation from the test flights was that to control sC-All disturbances

and move directionally, it was necessary to deflect the thrust vector relativii to the
body. This was done in the test rig by forcibly rotating the harness relative to the
shoulders, Attempts to control movements by deflecting arms or legs (og control)
usually started oscillations which oou'd not be stopped by leg or arm movomonts,

20



The eLfuct uf adding thrust vector control (defl, tahlc noazlos or jetavators)
was analyzed by including in the equations of motion a proportional cont rol Lerm
K -' ., This can be physically accomplished by providing a aontroXl stick

attached to-the nozzles, with which the operator ua-i defl"ct the nomz'.es in propor-
tion to his angular orientation. A value of K - 1,0 implies that he hold his s'tick
(and nozzles) In one fixed orientation relative to the ground such as perpendloulax.
to the ground to arrest disturbancew, The model used in the analysiR was the same
as sketch presented earlier with the addition of deflecta'hlo nozzles (see sketch
below),

Y

S'- 

Control

Solutions of the equations of motion with control (see Appendix A) show the
following frequency and amplitude ratios,

2 WL 2 ZL (I-K) A .KW

17.3K ' I I

max 1

0

max IKL g__ _ -K _

80 W L 2 Z L (- K) w4 W K K' L7.

where K = Control gain ratio

"•o - Distance betwee, ourtrol swivel point and system center
of gravity
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K'X L (KL/ZL + WL/57.3) a lumped stitfixems parameter

These equations reduce to the same as those for the uncontrolled caso when

1 ~ 2W
The period of oscillation T - W has been evaluated numerically (torso data

for an average iw) for a range of the variables for which desip modifications are

possible; i.e., K, ZL, KL, .4, and the results are plotted in Figure 11, It was
assumed that Improved stability and controllahility should result if the period of
oscillation T were increased, the lateral excursions X,./ 6 would decrease,
and if In addition, the simple control function (holding thistick in a nearly fixed
orientation relative to the ground was incorporated). How effect./ely a man can
hold the control stick in or close to much a position could only be evaluated experi-
mentally, The solid lines in the figure show the effect of varying control gain
ratio K and control arm 26, with nominal values of KL' (taken to be 1.0) and
ZL - 15 inches, It in seen that the period increases with deoreauing .4 and
decreasing K, The effects of decreasing ZL to 7,5 inches (legs retractd) with
an assooiated increase in KL' - 4.0 (attributable to greater muscular rigidity)
are shown by the dashed lines for the two lower values of Zb. The other line
Aihows the effect of increasing KL essentially to CD .

The combined oilot of reducing control arm .c to about 5 Inches, reducing
ZL and increasing KL' will produce higher periods, particularly for ',)wer values
of the control gain ratio K. It is felt that a value of e.A N 5 inches (for 'L1 U1.'1 -ge
man) should be used to prevent the control arm from becoming negative for short
stature operators, Lowest possible values of ZL should be used, implying a pro-
vision in the rig to support the legs close to the upper torso, and/or highest practical
values of KL (hip axis stifness) should be incorporated.

This could be accomplished at least partially by providing foot supports that
are rigidly attached to the rest of the rig, A low value of K (about 0,2) also appears
desirable and can be attained by incorporating a maximum deflection limit, say 3o
Then, reduced gain ratios automatically result when disturbance oscillations are
large (due to gusts, etc.), For smaller disturbances and inadvertent stick motion,
low gain ratios can also be achieved by designing a high gear ratio between stick
deflection and nozzle deflection.

All the abov'e design considerations were intended to produce a system that
facilitates control, and permits the pilot to enntrol oscillations (due to disturbances
and inadvertent control motions) to a low value, The operator's control funct'on is
a simple one; namely to hold his stick vertical for hovering flight ante ,o h',hi it
aligned with his body axis for translational flight,

A sketch of a preforred control system (damping syjtcm not included) is shown
In Figure 12, Methods of incorporating damping are discussed and shown in the
following section.
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The desired design features are:

(1) Deflectable nozzles by method of universal Joint shown in Figure 19
or use of jetavators.

(2) Di tance from nozzle swivel point to complete system center of gravity

Jc - 6 inches,

(3) Nominal (undeflected) thrust vector acts through system center of
gravity,

(4) Thrust vector deflection limit approximately 3", Deflection limit should
be a variable for test purposes,

(5) Control stick conveniently located,

(6) A telescoping fnnt support which holds the man's legs retracted,

(7) Length of foot support such that distance from operator's hip axle to
cg of lower extremities (below hip axis), ZL, is minimum practical
value.

(8) Operator support location was not shown to be signif!cant e~g,,
difference between shoulder or waist attachment,

A, DAMPING ANALYSIS

Figure 13 shows the simplified physical model that was to be anak d.
Assuming 8 and S c smiall then the equations of motion are:

Tr W or Y,- 0, sinceos (0 + 8o)• 1 (1)

-W Tsin(9 + a ) r ( T +8 = W ( + 8) (2)7 ag o
Where I T sin S M w (3)

W = is the weight of the man and his associated equipment (lb)

T ffi combined thrust of the lifting rockets (lb)

the angular def•eotion of the body from the vertical (rad) or
some desired reference orientation

8 = the angular deflection of the thrust vector from the Eady axis (rad)

I - moment of inertia of the body (slug ft2)

a acceleration of the system og In the X direction

-7 distance between the system og and the thrumt vector swivel point.
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Since it would be very difficult to incorporate a pilot transfer function Into
the analysis, it was assumed that the pilot's commanded control deflection is
proportional to axis attitude error, i.e. _ - -KG

0

Equations 2 and 3 then become

Ic -g9(1-K) (

I§+ .WKO .0 05)

Applying Laplace transformation to equations 4 and 5 and writing them in matrix
form

1 2 + g - lxi Fl

The charactertstic equation of the system is then:

2" + I - 0

The transient response is therefore an undamped sinusoid with natural frequency.

If the system is assumed to have damping, for example if E - B * rC 0 and a c
-K 9 (the means whereby such damping can be incorporated into ie system is
discussed in more detail in a later section)then the equations of motion (2 and 3) become

R -g(K-1 + r Ks)9 -0 (8)

I xW
S+ ---- (1 4 )9-0 (T)

where r - a proportional damping gai,
The characteristic equation for the system can be written2

2 + T" 1 - 0
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with natural frequency

?W Note: This is the same expression
W= V'.- --- as shown on page when K=

I

and with damping

W KWK r
S =

1 
2

It is apparent, therefore, that by broperly adjusting r any desired damping is

a,ýainable,

The scheme for obtaining system damping is discussed under three general

categories; naraiely, manual, semimanual, and automatic, Each, of course, requiring

successively loss attention from the pilot or operator, Before discussing each cate-

gory separately, some general discussion is in order,

Wit. regard to the manual and semimanual schemes, It is important that the

natural frequency of the system be sufficiently low an to be compatible with humar

response oapabilitiu. There is, however, a practical lower 14mit on the system
natural frequency. In the first place, a very low frequency system is inherently

a low loop gain system; hence, the operator will have very limited capability in

dealing with gusts or other disturbances since he will have difficulty detectTig

angular error-rate becauste of the long observation time required. As a result,

he will have difficulty damping the motion, This objection does not occur for the

semimanual system since the operator need only detect attitude error,

For the completely automatic system, the natural frequency of the system

can be much higher and in fact, the natural frequency should be higher than the

desired maneuvering frequency so that the automatic C.mping system does not

affect the maneuvering capability, However, the natural frequency for these two

categories of damping should not be so high that the human operator has difficulty

applying the neeeusa.y control moments, Consideration should also be given to

the means whereby the operator applies control momentij, For example, he will

be capable of relatively rapid control moment response if all he has to control

is an essentially inertialess control stick or lever, On the other hand, if he is

required to bend his body at the middle (eg control) in order to apply cornrol

moments, then his responsewill be considerably slower, In the case of the

manual control schemes, the operator is required to detect angular error rates

and apply corrective control moment.,

In a manual damping system the operatcr acts as the attitude error and error

rate detector, i.1^, as the computer, and as the control actuator. In general, control

moments can be applied by controlling the relet ive positions of the system eg or the

rceultant thrust vector, or both, This ca- be accomplished by any of the following

mcans or by combinations; (1) rotating the resultant thrust vector about some swivel

poiriv, (2) tLanslating the thrust vector latersly, (3) shifting the eg (e.g., bendlig the
body).
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Figure 14, Op"tches I through 5 show several possible control schemes.

. 2 3 4 5

In sketch 1, the thrust vector is fixed to the upper torso and is directed along
the axis of the torso, This arrangement is equivalent to the present experime- t al
rig when the handles and shoulders are held fixed, Attitude errors are corrected
by deflecting the legs outward. Damping moments are generated if the legs are
deflected in the direction the body Is swinging,

Sketch 9 shows the thrust vector fixed to and directed aCong the legs. fiere
control and damping moments are obtained by deflecting the legs as described for
sketch 1.

Sketch 3 shows th. thrust vwctci" pivoted ct a point on the upper part of the
torso but controlled by the leg defleotions as shown in the sketch so that the deflec-
tion of the thrust vector more than comprlnates fo- the resultant og shift. For
this arrangement attitude errors are corrected by deflecting the legs inward and
damping moments are generated if the legs are deflected in a direction opposite
to the direction tJe body is swinging.

Sketch 4 shows the thrust vector pivoted at a point on the lower part of the
legs but controlled by the bending as shown in the sketch. Here control and datnming
moments are generated in the same manner as described for sketch •.

Sketch 5 shows the arrangement analyzed in the previous section. Here the
thrust vwctor is pivoted on the body axis ither above or below the system og. When
pivoted above the og, the thrust vector is deflected toward the norm., to correct
attitude error. Damping in obtained by deflecting the thrust vector so as to generate
a moment opposing the angular velocity of the body, When pivoted below the eg, the
senses of these deflections are of course reversed.

It is interesting to note that all schemes using body bending fall into two cate-
gories when classified according to the direction the legs must be deflected in oder
to generate error corrc,'ting and damping moments, It in questionable which direction
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of body bending to correct error io closer to the natural instinctive recotion of 1;he
hun.an. One of them is used in the present experimental rig. Tbh' second, where the
feet must lie deflected underneath the body to correct errors, seems to be more
natural(reaction such as the NACA Flying Platform), A possible arrangement is
shown in Figure 15 where the thrust vector is oriented along a line extended between
a point above the og of the torso to a point below the cg of the legs.

The thrust vector control scheme which is recommended is that shown in
sketch 5 of Figure 14 with a free swiveling thrust vector and with a low natural
frequency.

In the semimanual system the operator is relieved of the task of detecting
angular error rate and combining the proper amount uf error rate control with
attitude control deflection, He need only sense his attitude error and move a con-
trol stick accordingly.

Based on the motions of his control stick his attitude error rate is computed
and the resuLtasit thrust vector deflection is made up of two parts, one proportional
to attitude error rate. This scheme can be Implemented with a spring dashpot
system shown in principle in Figure 16. Because of the simplicity of the task that
the operator had to perform there was considerable optimism that the system w .d
perform satisfactorily,

The feeling was that should this system fail to give satisfactory results then
completely automatic systems comparable to aircraft, augmentation systcins wcvlda
be considered, Such systems in general, involve rate sensors (rate gyros), amplif-
iers, and control actuators. A system incorporating all of these components is
probably too complex and cumbersome for the application considered here, However,
a possible sihple system mi one which takes advantage of the incoming prcpellant
flow to spin a rate gyro. The upstream side of the injector plate could be quartered
by baffles with its spin axis parallel to the flow. Gyro displacements (due rates of
body rotation) could deflect the incoming propellant such that one segment (or quarter)
receives a higher mass flow, The baffles or tubes would be rifled 90' because of the
90" precession of the gyro. The combustion chamber would also be quartered by
baffles extending to he exit of the nozzle, Fixed jetavators would be located at the
exit, Body rates would cause the appropriate segment of the combustion chamber
to receive higher mass flows and higher pressures. These higher pressures would
act on the Jetavators to produce a lateral force to oppose the body motic %. The
entire system may, in the final analysis, be quite simple. Some of the rrinciples
of such a system are sketched in Figure 17. Simplified equations of motion for the
existing rig, if uncontrolled, are presented in Appendix A.

After a considerable amount of testing on O.e nitrogen rig, a detailed design
of the SRLD began to emerge, A preliminary dynamic system analysis was performed
on the design concept to examine the inherent stability aspects of the man-machine
combination anrd to establish the control requiroments for various SRLD configurations.
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In thie report, only the 'esulte of a preliminary analysis of the backpack type con-
figuration shown in Figure 18 Pro prccentod. This initial configuration was chosen
for the dynamic analysis because of its portability and compactness., The analysis
compares stability characteristics of this system with and without an automatic
stability augmcntation device, shown in Figure 19, This device actuates the gimbal-
led rockets, by sensing the angular acceleration of the bAckjpack rocket Im It to
provide the man-machine combined syatem with a desired amount of stability,
The dynamic effects of various significant design pamameters associated with the
stability augmentation device were investigated to establish a functional relation..
ship between design parameters and overall system performancmo.

The analysis which follows in based on small perturbation concepts and linear-
,zed theory. Since a free flight SRLD has six degrees of freedom, consideration m'.1t
eventually be given to controlling all six mode., However, with throttle setting fixed,
the sinking distance of the SRLD due to tilting of the rocket thrust vector is of second
order of magnitude as compared with horizontal translation and rotary motion. This
is due to the fact that the loss in vertical component of the thrust indaced by tilting
of the SRLD is proportional to the cosine of the tilt angle, whereas horizontal and
rotary effects depend on the sine of this angle. Thereforo, the equation of motion
in the Z direction was neglected in this first order preliminary analysis. It was
also assumed that the dynamics in yaw, possibly arising from heading error corr -
tion and/or change in heading, are not coupled with pitch and roll. WThus, yaw dynamics
can be treated separately, Also, by inspection of the physical system, neither static
nor dynamic coupling exists between pitch and roll, In fact, pitch and roll dynamics
should resemble each other qualitatively. Theoretically, the solutions obtalnnu 1V-y
solving the equations of motion in roll should therefore be applicable to the dynamic
system in pitch. Actually, flight tests have shown the pitch motion to be more stable
than the lateral motion. Therefore, analyses have emphasized the lateral motions,

Now consider the man-machine combined system perturbed in roll attitude
from its initial equilibrium condition, The man-machine combination was represented
schematically in Figu.?e 20. The equations of motion w.rei

I114 - m'g12q1 - K(q2 - ql) + m,1 2 k TR 8 (1 + 12) (10)
2

Iq 2 + m2gl 3q2 + K(q 2 'q1 ) - m2 13x 3 0 (11)

rR ml 2 •m 1 - m2 1• T~q + T (12)

Aerodynamic effects are neglected in this preliminary hovering analysia, because for
this case the estimated induced moment and drag appeared to be negligibly low, The
principal difference between hovering and forward flight is thnt th.' moments required
for pitch during transition and forward flight would be higher than that required during
hovering flight.
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Figure J 8. Artist' Concept of Small Rocket Lift Dwioe
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B. OPEN LOOP ANALYSIS

The open loop system is defined as the man-machine combination wittout any
control, Dynamic behavior of the open loop system should be indinative of fyatom's
Inherent stability and controllability. The open looj transfer functiou, relating the
roll attitude of the man's upper torso to the deflection angle of the rockets ist

K2S2 + K3 + Kk
QI - K1  82 + duN = T 2.3 - (is)

S 2(S2 + W3 K6S + +K 6 +K 1 KS

where the pertinent geometry and rotation are shown in Figure 20 and
K2

K I T R2

'C K~kWN 3 +Kk

K
2

K x6 + K 7kW•2 = K

TR Total thrust of both rockets

Ks - 01 + 12) fml1 - m1M) I m1 l2 I)

K3 - + 12) mg - m11'2  m2 13

K4 - m (11 + 12 + m2 + 13) - m1 12

K5a M11 2  m A12 21 2 m2 2 132 12

K6 1m g m211 + m 21 2 13 g(m 2 13 - mI 1 2 )

K7 - m (I1 + 1 2 ) + 2m 1 m 2 12 13 - mi1
2 122 - In 2'3 2

Both frequencies, WN and W D, are dependent on the opcratc 'm hip "spring"
characteristics, These frequencies are shown in Figure 21 as a function of hip
stiffness for the full fuel tank. configuration, The numerical values of hil physical
parameters used for the analysis are tabulated in Tables I and II. A root locus plot
corresponding to a fuel full configuration 'with a hip sUffness, K, equal to 100 ft-lb/rad
is 'shown in Figure 19. It indicates .aat the system is neutrally stable beocause the open
loop poles and zeros are all located on the imaginary axis, In particular, the "air of
poles at the origin indicates that oncie diaturbed in roll, the man will continue to roll
without restraint, Ho%.wer, flight tests have mhown that most men, with very little
training, can use kinesthetic control very effectively to stabilize themselves.
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TABLE I

WEIGHT ESTIMATE

SRLD

MONOPROPELLANT H2 02

Weight

Tanks (30,7)

H20 2 Tank (2) 10,0
N2 Tank (1) 16.3

Supports (4.4)

Straps (2) 1.1
Vest Support (Plastic) (1) 3.3

Gas Generator and Catalyst Bed (1) 6.4

Thrust Nozzlew (2) 3.0
Plumbing and Fittings 3.7

Thrust and Control Tubes 81

Valves 5.6
Control Weight (2) 6.0

Total Dry Weight (63.)
Loadable Items (212,4)

H202 50.0

N2 Gats 2.4
Man 160,0

Total System Weight (27h,9)
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C. CLOSED LOOP ANALYSIS

Since the rebults of the open !oop study have shown that the man-mauhine cim-
bination is neutrally staRUe, a simple automatic stabilizing device might be desirable,
This would reduce the amount of att&aitlon required and reduce training requirements.
Therefore, a mechanically simplle yo, operational reliable stability augmentation
device, was designed and tested. A sketch of the device is showa in Figune 19, The
equations of motion, governing the stability augmentation devic .Adfh mechanical
connection to the gimballed rockots are:

d
m 3 .M a + b 3  R KC (

T . - + br K
1 6 r r

The damping terms have been included for generality although dampers probably will
not be used in the inan& design. Tho linkage georm~etry yields a simple relationship as
follows:

d3

By solving equations (14), (15), and (16) simultaneously, a feedback transfer function
can be obtained as follows:

a_ 
-K a2

- • '(17)
qI s 2 + 2 tF a+ WF2

ml 1

where K. . . .
md + r

3

b
r

b3da +-

2 V/(m3d3 + T3) (K d + K

3 3

K ad 3 + 7 -r

10 
~13

M3d3 + d-3
3 2
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A functional block diagTam of the overall closed loop SRLD with the stability

augmentation device will be shown as below.

so+ S.2 + 2 N 2

a 4. 2 -F+ P
KgSBg F•

The two zeros in th, feedback transfer function cancel the two poles at the orIgin in
the forward transfer function, However. the closed loop transfer function suill contains
an s2 term in its denominator. Therefore, the stability augmentation device does not
eliminate the neutral e:tabliity in roll. However, preliminary analog Oomputur studies
show that the rate o0 roll resulting from an external disturbance can be greatly reduced
by the stability augmuntation device. Thus the pilot is relieved of a requirement for
fast response to keep the roll angle within bounds,

There is also a theoretical neutral stability of the leg swinging mode. Flight
tests have shown that actually this mode is of no conaern to most operators even with
no damper provided in the control device, This in probably due to the inherent damping
cf the man, to his nonlinear stiffness characteristics, and his inherent abIiiiy to control
very lightly damped oscillations, Further analysis and testing is required to determine
the optimum system parameters. However, preliminary studies have shown that the
oscillatory mode can lJ- given almost any desired degree of Ptabil ity with judicious
dewign of both gains K1 and K9 and the control device damping Constaknt and the roll
rate resulting from exterital disturbances can be vignific.?ntly reduced by this deslgn,
Therefore, it appears fvaaibLe to design a system whih ,vihould be controllable by the'
most inexperienced personnel,

The root loci of the closed loop for various W F anti C are plotted in Figure 22,
Note that stability of SRLD becomes relatively poor if the frequency of the stability
auguentation.device is comparatively large. This is obvious because a stiff spring
between the bob weight and gimballed rocket virtually eliminates any desired relative
motion between them, Conversely a very soft spring produces a syi. tam which is
surceptible to vertical accelerations and disturbances. Therefore, care must be
exercised in designing the mechanical components of the stability augmentation
device in order to obtain desirable performance.
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D. ANALOG COMPUTER STUDY OF OPEN AND CLOSED LOOP

The SRLD system with the stability- augmentation device was simulatei on a

Reeves Electronic Computer. The computer diagram is shown in Figure 23. Early
results of the REAC studies showed that the effect cf the difference o. the angular

deflections of the upper body (q1 ) and lower body (q2 ) is negligibly small. Therefore,

the man-maohine combination was assumed to be a rigid body for the preliminary

studies discussed in the following paragraphs. The criteria used for evnluation of

system performance are the rate of roll and horizontal velocity reAuitint from
external disturbances.

Figure 24 shows the open loop response of the SRLD to a disturbance foreo nY

approximately 25.8 pounds applied 0,899 feet above t~b cg of the man-machine com-

bination, This It considered to be a very severe disturbance, The reouilUng rates
of roll and translation are 67*/seo and 15 ft/sec, respectively. The ajigle of roll,
of oouj'se, far exceeds the limit of validity of the analysis but the results still

serve for qualitative comparisons with other cases, With the stability augmentation
device, ( F V 5 rad/sec and r = 0.5) in the feedback loop, the rates of roll and
translation are redur'ed to 12 0/seo and 10 ft/sec as shown in Figure 25, This indi-
cates a significant improvement of the system performance due to the augme, ion
device, Figures 25, 26, and 117 demonstrate the negligible effects of various dampings

u4sed in the stability augmentation device with W F" 5 r ad/scc. With a realistic damp-
Ing ratio, C , of 0,1, the frequency effects on the rates of roll and trans•aMton are

shown in Figures 27 and 28. This comparison ildicates that lowering the r"laamped
natural frequency of the stability augmentation device results in significant reductions
In the rates of roll and translation. Increasing; the ratio l1/d3 results in a significant
denrease of the rates of roll and translation as shown in Figures 25 and 29,

The results discussed above show that the stability augmentation device can be
designed to ýeduue the rates of roll and translation to values which will permit even
inexperienced men to exercise kinesthetic or mai•ual control and easily keep the roll
argle and distance traveled to very small values, However, the natuxral frequency of
the mass-spring system must be of the order of 10 red/soo J2 ope) or less if the
stabil;ty augmeitation device is to be cffective. Such low frequenciei imply that

the control system will be quite sensitive to vertical accelerations, Howevor, if
the rocket gimbal deflections due to vertical accelerations are limited to 15 degrees,
the maximum Loss of vertical thrust is only about 3 percent of nomfial thrust,
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Figure 26. Analog Computer Results
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Figure 27. Anaog Computer Result.
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SECTION IV. DEVELOPMENT OF THE ZERO-G BELT

The initial design of the Bell Zero-G Belt was essentially dorivcd from a
number of theoretical analyses, related experience with the rocket belt, and the Air
Force's experience with the Mark I and 'Mark 11 propulsion systems. The objective
for Wiilding the Bell syutem was, through flight testing in the C-131, to generate
information for developing simple and reliable equipment that would augment the
space worker's capability to do extravehicular work.

A major decision had to be made early in the design as to whether cr not the
system would require automatic stabilization of the man, It was recognized tbat 1o4
the space worker to effectively accomplish his tasks, he must be able to stabilize
and control his attitude about three axes and to stabilize and control his spatial
position with respect to orbiting objects on which he might be required to perform
maintenance functions. However. the means by which this might be accomplished
may be fhlly automatic or involve no automatic equipment at all, as dictated by the
nature of the taska and the basic capabilities of the worker, The following considera-
tions led to a decision to reject the use of automatic stabilization in the first -,stem:

(1) Experience with the SRLD provided conclusive evidence that under condi-
tions of a o ne-g environment, a man can manually stabilize his attitude
and control his flight path.

(2) Air Force personnel who at that time had the most extensive experience
with the operation of man-propulsion systems under zero gravity, were of
the opinion that manual stabilization and control knight be feasible.

(,) Until an .a'A!uatA pvOielelon system wasx made available to evaluate the
learning factur and to define tlw parameters and degree of contnol and
stability required, a final decision for automatic versus manual stabilization
and control could not be made,

Figure 30 functionally illustrates the overall concepts and indicates the inter-
relationship ef numan sensing and body dynamics with the control forces and the
parameler to be controlled and stabilized. Note the inner loop which can have a
stabilizing or destabilizing effect. During the use of the belt in flight tests, learning
trends whiah, , ild produce stability in this loop were to be closely ioted. Also, by
assessing the operator's capability for controlling positiun, rate ani acceleration in
both transla&ion and rotation, it was felt that an optimum combination between a manual
and automatic kiystem might be defined. Furthermore, the desirability of an on-off
versus a proportional control system might be examine' If throttit, Wle thrust could
be achieved. Again, it was recognized that there might be limit cycle oscillations
inherent in an on-off stabilization symtem which, when coupled with the flexible
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response of tho worker's body, could induce unacceptable stability. On the other
hand, some types of proportional control were considered to be costly in ter.-Ae of
weight, bulk, and reliability.

Prior to the initial work on the zero-g belt, considerable stab:ility and control
experience wus gained through analytical and analog simulation studl'e•, flight test
experlinco on the SRLD, and evaluation of NASA studies an one-man lift devices. While
it is recognized that extrapolation of results and conclusions to the zsero-g fl.tIht
condition is difficult, •3ats conducted at Bell Aerosystems Company did indicate the
feasibility of a manual type control system for the apace worker. The tenws whikh
investigated the flying qualities of a man in a one-g belt indicated the following
relationship to the zero-g flight operation: (1) low values of thrust for angular
attitude control are desirable, and bEcause of the zoro-g flight condition, they van
be selected largely independent of the translational thrust requirements, although
some coupling of modes does occur (angular control in this came would be supplied by
pure torque couples); and (2) proper selection of thrust levels and control arms oould
provide satisfantory manual stabilization and control characteristics under hovering
or translation codurol,

The first configuration of the zero-g belt therefore represented a starting point
from which suoceeding analyses were conducted.

In this system, man is analytically represented by a two-segmented body in
which the upper and lower torso are connected by the hip socket effective spring.
Figure 31 depicts this model.

The equations of motion in the orbit plane are:

Upper Torso Rot. tion

- K (q -Cl1 ) + 57.3 M TX +M (t) (18)

Lower Torso Rotation

12 q + K (q2 " ql) - 57.3 M2 XI x ME (W) (19)

Complete Body Longitudinal Translation

. 23X3 - - FT + FF (t)

and X (along orbit path) * B con qI

Vertical Translation (In the Orbitul Plane)
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Rotational

Thrust/ Upper Torso cir

TTR
Translational T T

Thrust - I TR

Ture onal X
Spring K -

Lowe~r Tv. rso eg

Definition of Nomencl2ture:

q, - Angular displacement of upper body hrom the vertical
q12 = Angular displacement of lower body from the vertical
Il . Moment of Inertia of upper body about hip pivot
12 = Moment of Inerti2 of lower body about hip pivot

•1 I = Distance between upper body Center of Gravity and hip pivot
92 = Distance between lower body Center of Gravity and hip pivot

I R = Reaction jets moment arm
TR - Thrust level oi reaction Jets used for rotation
TT - Thrust level of reaction jets used for translation
K = Effective torsional spring constant of hip pivot
M1 = Mass of upper body Z - Vertical Luplacement
M2  - Maas of lower body X - Longitudinal displacement
M = Total mass of body X = Gravitational constant
W = Total weight, of body

Figure 31. Two-Segment Body Model
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MZ aM~o +&V) 3  M
k+ Z

Where

V circular orbital
c velocity

R = circular orbital
altitude

v 2 + 2v AV +AV2 -g
or il,= •

R+ Z

but since 2

Z<< Re,6V <<2VcAV, * •_ g

and V S

then the simplified equation becontes.

Z R_ 32yA /24= (21)
Rd0/ 03/

at 300 n,mi. orbit

Z 'r 1 (10")AV

which indicates that vertical displacement from the work area can be neglected for
AV's < 10ft/sec and translation times< 10 seconds. These equations assume

rectilinear moLt .in in orbit.

The moments ME1 (t) and ME 2 (t) aud foroe FE (t) are applied moments ane

forces due to work tasks or body component muscular acceleration&, (It was assumed
that these could be morw accurately defined and described during fulure studies on an
air bearing platform and by one-g and zero-g belt flight tests.) The equations of
motion in a plane transverse to the orbit plane can be written in a similar fashion by
modifying equation (21). it has been determined from previous ana., sea that such a
system in neutrally stable. StabiizUation and control are manually provided through
operation of the reaction thrust units TR and FT. However, it was recognized that
evaluations and analysis of the flight characteriatics of this control system could beot
be accomplished by analog simulation. Future work was planned utilizing the same
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techulque8 which were successful in determining the "flying qua]ities" of the une-g
belt; that is, using a physical hand controller (similar to the present zero-g bexlt
design) as the pilot's input to the analog computer in a one-plane slmulat!on setup
based upon the equations described above. The human operator or pilot would then
provide control inptta based on visual observation of this position and miotion on an
oscilloscope dioplay. The oscilloscope display would showt (1) angular attitude of the
upper body; amd (2) longitudinal and vertical translation in the orbital plane. This its
Illustrated Izn Figure 32. Figure 33 shows the analog simulator in operation as it wan
used in the SRLD program.

A study of this type would simulate the longitudinal (pitch and forward Lranslc.-
tic;:) and vertical degrees of freedom, and then be modified as required to Inclode
stability augmentation system dynamics. Specific tasks oould be assigned, such as
rotating and translating to a given position cn the scope display. During the tranait,
external disturbances and/or kinesthetic motiono could be introduced as time history
moment and force inputs,

The variable design quantities or pararmoterp that were envisioned for investi-
gation are:

(1) Translational thrust levels and thrust Keations (a position slightly above
the cg may be advantageous in counteracting vertical motion due to orbital
mechanics).

(2) Angular torque levels.

(3) FiMed versus rotating thrust units.

(4) Hand controlle-' design characteristics,

In evaluating the handling or performance characteristics of the manual control
system for each of the design parameters, a systematic rating rystem could be
established. Unfortunately, this study was riot accomplished due to lack of Zundcng.
It is described as a relevant methodulogy for the development of future systems.
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Figure 33. Analog Flight Simulator
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SECTION V. HARD"ARE DEVELOPMENT PROGRAM

Construction of the Bell Zero-G Belt was started In December 1960, Specific
design details were formulated with respect to the mission for which the unit was
conceived; e.g., as a research tool to study the capability of a man to position,
stabilize and translate his body In a zero-gravity environment, The rationale for
the design approach In general was discussed in the previous section and the &poeefic
design requirements to permit flight testing of the unit were discussed in Section I1
under Concept Development.

A schematic of the original systom in presented in Tiguro 34. The function oi
the system is quite simple. Super dry nitrogen is utoed in the high pressure tube
bundles. Upon activation of a thrust controller, the N2 gas flows from the high pres-
sure tubes through a gauge and a filter to the regulator. The regulator takei the high
pressuis gas and converts it to a low pressure supply in the low pressure tubes.
Low pressure K2 is thus stored until the throttle valve is opened when It escapes
through the nozzles to produce thrust.

Of all the components depicted in the schematic, only the thrust and directional
control unit (9) required prodosign testing. All of the other items had been tested and
used in previous Bell programs, A sample tin-pound thrust orifice was constructed
and tested in Hell's Propulsion Laboratory,

The Zero-O Belt consists of high pressure tube bundles attached to a snugly
fitting fiber corset worn on the middle of the torso. Two thrust controller units are
placed on the belt at thr og level of the body, one on each side. Each unit contains a
manifold block into wbihth arc installed ealht gas orifices with integral shutoff valves.
The orifiues, or thrust valves are controlled as desired by the operator to propel
hlmself in any direction or axis of rotation. To effeut this control, the operator simply
pushes, pulls, lifts, depresses, or rotates the hand controllers In the direction he
desires to translate or rotate, For example, pushing down on the controllers opens
up the tw, top thrusters on each manifold block, forcing the operator in downward
direction. Pushing forward on the controllers opens the rear thrusters, moving the
operator forward. For rotating about the vertical axis, forward pressure is used
on one controller and rearward pressure on the other. Thusly, by proper use o' the
controllers, motion In any of the six translational directions, six rot4 tional directions,
or combinations of rotation and translation can he achieved.

The controls are self-centering and require a force of six pounds for actuation.
Control motion is approximately 1/4 inch and the valves are either ital open or full
closed. The maximum thrust of the assembled unit at the completion of the develop-
ment program, produced at sea level pressure, was measured at 16.35 pounds.



1. Schiader Fill Valve
2. H.P. Tube Bundle
3. H.P. Gage
4. Filter
5. Manuial Shutoff Valve
8. Regulator
7. L.P. Gage
8. L.P. Tube Bundle
9. Directional Control Valve (2)

10. Burst Diuc

Figure N4. Zero-2 Belt Bchematic
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Thrust at this level can be ~cntinuously maintained for 11 seconds. Although this is
a relatively short duration, thrusts of this level used in pulses were assumed io be
minimally sufficient for maneuvering during the relatively short periods of waIight.-
lemaneas that can be produced In a C-131l aircraft.

Taitial tests on the vailve design showed loes thrust than was Rnt.Fipated from

tbeoretical caloulattun. A small amount of rework on the assembly to increase

Chamber Proessure Thrust

lit Test 165 pslig 6.2&lb

2nd Test 185 psig 7.5 lbi

The rework raised the cbamber pressure 20 paig and the thrust 1.25 pounds.

Theoretical calculations indiuate that 10.3 pounds of vacuum thrust and 7.7 Pounds
of thrust at sea level should result with a 185 puig chamber pressure. Sea level thrust
should be 6.5 pounds at 185 paig chamber pressure. Results of this test were inifficierit
to proceed with the design of the thrust controllers.

These units consist of manifold blocks into which are Installed gas orifices
with Integral shutoff valves. These orifices are suitably positioned to produce thrust
ess~entiully through &Wd about the ag. Figures 35 and 36 respectively show ai op and
side view of the unit.

Construction stared on the tube bundle assembly in early January 1961. The
high pressure tube lzm'lles for storage of high pressure into Sam wave formed from
1-1/4 in. x 0.035 in. 4130 steel tubs. Those tube bundles were made In leftm Lnd
rights a&d curved to fit the torso. The assemblies were terminated at the rear to a
met of manifold plugs. The inside rows of tubes (S In all) were high pressure. On the
outside met of tubes, 5 were high pressure and the lower S were low pressure. The
left and right tube meations were hinged at the terminating manifolds to allow for easy
donning aud removal of the assembly. At the front, all tubes were terminated by
welding tight fitting plugs into the ernds of the tube. All of the plugs were drilled and
tapped for either aftaching pressure lines, or for inspection ourd drain provisions.
Those holes not used for attachment of fittt~is and presssies lines w. i* ealad with
1/4-inch Parker Look C tseals. All tubes terminating at the rear ma- dfold were
swaged down to a dimension allowing for access during the welding uperation.
Figures 37 and 38 show the configuration of the tube bundles.

Upon completion of welding and attachment of the hinge, the high pressure tube
bundles we. j heat treated to a 170,000 psi minimum. The low pressure tube bundle
assemblies were constructed out of 0.035 Aluminum-Alloy tube and weru brought
up tai the To aondition.
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FIpar 36. Wn View of Ilirust/Control Assembly
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During this construction, a sample tube assembly was built duplIcating the
manifolding in the back and front. This unit waa then subjected to hydrostatic
testing.

A. CORROSION AND RUST INHIiBITING

Before any hydrostatic testing could be accomplished, a decision had to be made
relative t8 the most prictical and least expensive corrosion Inhibiting procedure.
Internal nickel plating was oonsidered but two drawbacks were noted: (1) teis would
be a very expensive operation with no assurance that under repeated cyclic pressur-
ization the cracks in the nickel plating surface would not develop, thereby defeatink,
the purpose of the inhibiting procedural and (2) it wan pointed out by personnel in t]k'
Stress Department thaL any rupturing of the nickel plated surface would most likely
occur at the most critical point at the front where the plugs were welded into the end
of the tube.

It was thus decided to use a very light rust inhibiting, oil aod thoroughly oil the

inside of the tubes under operating pressures. Since only dry nitrogen gas would be
used, it was felt that no explosion hazard would exist unless extreme temperatures
were reached during pressurization,

The sample tube was next hydrostatically tested in the laboratory- the first
test was the proof pressure test. The purpose of this test was to determine the
volumetric set. The sample tube bundle was tested according to LTR 11 .. A- 2' and
was pressurized in increments of 250 psig and ultimately to 3150 psig proof pressure.
1500 pag was used as a base for set readings. 3150 psig was held on tube bundle for
five minutes. No leakage or drop in pressure was observed. The volumetric sgt was
0.04 percent, The sampie tubes were then hydrostatically cycle tested V40,000+ tintea
where the minimum pretsure was 180 psig and the maximum was 2180 psig. At the
higher pressures, a dwell time of approximately 3 seconds was used, T7h total cycle
occurring approximately every 7 ,econds.

Following this test, the sample tube assembly was subjected to higher hydro-
static pressures r nw finally burst at 9500 ppig. No leaks were observed until burst,
The burst oconurred in a straight portion at the forward end of the tube and was in the
form of a longitudinal fracture. Figure 39 shows the tube section used in this test.

After these tests, the high pressure and low pretisure tubes of tie Zero-G
Belt were subjected to the following tests. The high pressure tube bu dle was pres-
surized to proof pressure equivalent to 3150 psig using 1500 peig as a base pressure.
There was a 0.04 percent set observed. The tube bundle was cycled t-n times from
250 to 2500 psig. No leaks were observed in the tube lines and/or seLings. Aluminum
low pressure tubes weri proof tested to 5UL peig. As hiA the other tubes, no leaks
wore observed. twfore compJete assembly, other units in the system were likewise
separately and suitably tested to assure a mnximum safety factor, These iterni were
the pressure regulator, filter, manual , hutoff control, and controller assembly.
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11. ASSEMBLY

The inside of the tube bundles were lined with three layers of fiberglass banded
to the tubes themselves. The fiberglass layer served two purposes, (1) attaohiment
of bodice fillor material; and (2) provided an additional safety feature for the operator.
During the operation of Uning the tube bundles with fiberglasa, suitable attachment
points were provided for the shoulder and leg straps. Also, an attaching braokel: was
installed that provided muunting for the controller assemblies.

The next operation was that of completing the installation of the plumbing,
regulator, sautoff valve, filter, low preasure burst disk, thrust nullifier aasembly,
and the controller valves. Figures 40 and 41 show the completed assembly.

It is to be noted at this point that owing to the RhD nature of this device, as
previously pointed out, some trouble was experienced in sticking and dragging during
operation of the controller valves, It was discovered that any distortion created
within the controller assembly as a result of muunting to the tube bundle assembly
amplified and aggravated the sticking conditions within the controller. This sensi-
tivity on the part of the controller necessitated a design change to a different type of
mounting of the controller to the tube bundle assembly. This change was incorpo .aed
in the form of a flanged heavy mounting plate attached to the tube bundle assembly and
provided rigid mounting for the controller. Upon completion of final assembly, the
Zero-G Belt was pressurized to 2150 pounds, using dry N2 gas. After two or thrWe
operational cycles including minor adjustments, cleamnp, etc., the belt wat r':r,
for operational testing.
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SECTION VT. ZERO-G BELT TEST AND EVALUATTON

A. AIR BEARING PLATFORM TESTS

Functional testing of the completed unit. was initiated In March 1961, usinly
Bell's air bearint platform. '1h first "flights" on the air bearitg platform were
used to assess the effeotiveneas of the propulsion and control system as well as to
provide trainMng for personnel scheduled to use the belt '.n the C-131 flighL testing
program. Due to a sobejhsdrng pLoblem affecting the availability of test time in the
C-131, tests on the platform to accurately I measure the thrust output of Lhe paired
units were deferred until after the initial flight tests in the C-131. However, ,41 of
the platform testing Is described in this seotion.

The Bell air testrinc platform facility consisted of a smooth level armrfaoe of
1-1/2 inch masonite that measure- 12 x 24 fet, Factory air was supplied by "
overhead air supply brought down to a chamber on a plywood platform where it was
equally distributed to three levitation pads. The overhead arrangement of the air
pipes and connections resembled a pentngreph type of design that made It posvl,14
for. the plywood disk to move to any point on the floor without binding, friction, f,,'
enoumberance, Total friction involved In moving the platform was measured to be
less than 1/2 ounce. The platform was true to rotate in either direction, translate
fore and aft, left and idght, or rotate and translate simultaneously. By use of this
bas'c facility and placing the belt and operator in either a vertical or horc;a.id
position, performance under ,uy three of the six degrees of freedom could be assessed.
Figure 42 shows the mpaclousness of the facility and F.igure 43 ihows the facility being
used for operator traininq.

The design goal of the lero-O Bolt Program was to fabricate a unit capable of
producing a total thrust of more than 20 pounds in any d&rection using a chamber
pressure of 185 psg in a vacuum environment. Twu size nozzles were utilised; the
smaller of the two was to produce 5 pounds of thrust and the larger 10Mpnds. By
pairing two ten pound thrusters, each located at the same point with respect to the
man's og, but on k pposlte sides, translational and rotational thrusts of twenty pounds
were anticipated. The smaller units were also paired, but two were located on each
side of the belt. These units were used for providing vertical translation, rotation
or roll about the operators longitudinal axis and rotation or pitch abo.t the horizontal
axds. Figure 39 shows tQe location of these units. By separating thes s units, hand
room on the controller was made possible and ten pounds of pitch forte on each side
could be generated. Although it was recognized that the lever arm produced by this
design was greater for rotation about the vertical axi, (yaw) and the I .litdlnal
axis (roll) than for rotation about the horizontal axi• (pltoh), it was assumed that the
operator could compensiate for the dlfferenuos In rotation rate by differential thrust
duration.
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Figure 42. The Bell Air Bearing Platform
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Shortly after the second series of flight teats in the C- 131 aircraft, it was
decided that more accurate meaauremen.'s of yielded thrust should be taken. Up to
this point, and with the exception of the original thrust tests, thrust meaoumi'es were
taken on the air bearing floor using a "fish scale." For this series of measures a
more accurate technique was identified but which also used the air bearing floor as
a floating fixture. A calibrated load cell was mounted securely to one of the building
columns at a distance above the floor tW coincide with the 4aqi of thrust of the bOlt
nozzles. Two tie points on opposite sadids of single or paired nozzles were tethered
to a whiffle tree on the loRd cell usirt L4bt cord. A third line along the axis of the
load cell was run from ýhe (ar side of the belt to a txlkhead mounted pulley so that
a steadying preload coald be apphed. Thli is d66,P4.0 ta Figaie 44. The setup used
for other thnrnt conditionw is shown in Fig.4re 45, A vrimable range potelitlometer
recorder with a clurt speed of 1 inch per second was used far all measuiements.

Initial tWstt were made with a man ridin the platform to actuate the belt con--
trois. This method proved to be unsaUsftoctory becaume it introduced perturbations
in output with peak amplitudes ha the order of 2 pounds. Ingpeity on the parn of the
techrtnians provided a simple but effectivo "rubber band" acturtor with a sensitive trip
lever to replace the man. Thi, technique was used in obtcining *.he tabulated result
presenýted in Table I11.

lospetiton of the results indicates that the actual oporating thrust generated by
the syutem varled from one set of nozzles to noether and In sevnrid instancem waa
well below' the design thrust. For example, a total thrust of 11.13 pounds were
generated for forward translation and 10.45 pounds for rearward translation, For yaw
left, 10,57 pounds were generated, For a left roll, 11.82 pounde of thrust were generated,
For vertical translation, 8.25, pounds up and 9.21 pounds downwai*? were generated.

The low yield of thrust of the fully functioning system as compared to the
initial testing of the nozzles was attributed to starvation of ;he thrust chambers due
to limitation of the regulator, In keeping the low pressure tubes fully pressurized. In
order to further increase the yield thnest, an additional regulator wai placed on the
opposite side of the belt, larger connecting hoses and tubes were used. and the pressure
In both the high and low pressure tubes was increased. Whereas the original pressures
wero -1150 and 120 p.1g, they were raised to 3000 and 350 psig, respectively. After
those modifications were made, thrust measures for Just the translational forces we"e
made. 1'he net increasm was about 4 pounds giving a yield thrust of appro.'imately 15
pounds.

B. FLIGHT TESTS

Three series of flight tests were performed in the PLrcraft during the months of
April, August, and November of 1901. During these teats, the belt was flown a total
of 106 zero-g parabolas; 40 In the first series, 41 In the second, and 25 in the third.
Subject operators included both Bell end Mir Force personnel. The flights flown In
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TATALE UI

THRUST LEVELS MEASURED ON THE ZERO--G BELTr

Th±'uai DIvctlon Nozzles Thrust

1. Astern RH 5.05

2. Astern L1 5.4

3. Forward RH 5.61

4. Forward LH 5,52

S. Right LH 7.56

6. Left RH 7.59

7. Downward All 9.21

8. Downward LH 5.73

9. Downward RH 3.57

10. Upward RH 6.09

11. Upward LH 5.4

12. Upward All 8.25

1S. Astern All

14. Forward All
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the first series were c:ploratuory in nature and used total thrustb in each axis of
approximately five pounds, During thesm flights, photographic recordb provided1 the
only data taken other than subjective comments of the flight crew, Control was
demonstrated in all axes of rotation and directions of translation, but the thrust, levels
were considered to be too low to satiafactorily control the desired maneuvers in the
15 to 20 second period of weightlessness or to compensate for tCie aircraft movement
toward the test subject when It is flying less than a perfect parabola. As a result of
the experience gained during this fir8L series of flights, It was decided to reset the
regulators and increase the total thrust of the paired units and to conduct furtber
tests.

Durling the second series of test fights, a total thrust of approximately nine
pounds in each axis was unad. 'two Air 'orve aubjects participated in theoc flighta,
and each of the subjects was given detailed instructions prior to attempting to fly
a given maneuver. The tests conducted during this series of flights were rigidly
structured and speclfic translation and rotation maneuvers were attempted.
Table IV presents a listing of the maneuvers which were attempted. Due to the
limited availability of the test aircraft, each subject was given only one trial on each
maneuver except where inadvertent accelerations as a result of turbulence or an "•-

perfect parabola were of a magnitude that made it Impossible to attempt the maneuver.
In these casee (5 parabola. of the 41 flown) the subjects were given a second chance
at the maneuver. It ti recognised that one trial opportunity to learn to control a new
system through a defined maneuver in an unusual envirtonment does not permit much
learning. However, the deoulsiun was made to fly an many different maneuverM ai
possible during this series of tests and to attempt to optimize the difficult maneuvers
during subseqaent flight test programs.

Each maneuver was broken down into significarnt parts and scored fur succees
of completion. The total maneuver performance was also rated. Complete motion
picture coverage of each maneuver was provided. Figure 46 shows one subject
attempting a translation during the weightless period. At the conclusion of each
parabola, the ratings were made jointly by the operator and a trained observer on
each part of the maneuver. Tables V and VI present the test record sheets for a
typical maneuver.
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TABLE IV

MANEUVER SCHEDULE FOR ZERO-G BELT FLIGHT TEST

1. Forward translation from a vertical position

2. Reverse translation from a vertical position.

3. Lateral translation from a vertical position.

4. Forward translation from a prone position.

5. Reverse translation from a prone position.

6. Vertical translation up and down from sitting position.

7. Rotations 8608 left and 3800 right around vertioal axis.

S. Rotation, 830° forward and 3600 backward around horizontal aWes.

9. Roation, 8600 left and 3600 right around longitudinal axis.

10. Zero-g walk on floor.

11. Zero-g walk on wall.

12. Zero-g walk on ceiling.

13. Zero-g walk around cabin.

14. 900 Change in pitch during forward translation.

15. 900 Change in roll during forward translation.

16. 00' Change in yaw duilng forward tranulaUun,

1?. Straight translation from vertical pasition, stop, 1806 yaw turn, return

to starting point.

18. Stra•ght translation from prone poeitLon, stop, 180" pitch rotation and 1800

roll and return to starting point.
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TABLE V

ZERO-G BELT FLIGHT TEST RECORD

MANEUVER NO. 1 "Forward Translntion from Vertical Position"
ABCDEFOH

ITEM- Poor Fa r Good Ex.

&. START---------------C 7 C7 L/
h. RATE..........................7 __7 AO .7

0. STABILITY........ . 7
d. ATTITUDE CONTROL................. 0 Z7 £ 7
s. DIRECTION CONTROL-.---------------7 £7 L7_ £7
L. RANGE CONTROL--------------------/7 £7 £7
g. OVERALL RATING ................. £7 £ 7 7

(Value) 12 3 4 5 'r

COMMENTS

Item:

b.

0.

d.

0.

f;.

Other

QUALITY OF PARABOLA

OBSERVER Z-7 OPERATOR L7
NAME DATE
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TABLE V:

MANEUVER AND SCORING INSTRUCTIONS
(Maneuver No. 1)

Start from kneeling position. At zero g, use sufficient down thrust to lift off
floor. Apply forward thrust accelerating to desired speed. Coast using corrective
thrust for position control. Apply reverse thrupt early enough to stop at end oi
cabin.

A. SC•RINGr

Item:

a. Excellent performance is positive liftoff to approximately 2-foot
clearance of knees to floor.

b. Excellent performance is rapid (2-second) acceleration to acceleration
to desired translationid speed.

c. Excellent performance If operator maintains forward orientation nM
vertical body position.

d. Excellent performance if operator can make adequate corrections in
flight to maintain body orientation in pitch, yaw, and roll.

e. Excellent performance If operator is able to apply reverse thrust to stop
at desired point.

f. Excellent performance if accurate control oi flight path is accomplished.

g. Overall maneuver performance.

B. OTHER

Please comment on all characteristics of belt related to performance, i.e.. thruit
level, control sensitivity, and location - suggestions for improvement.
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Table VII presents the etir•ated percent of mucueofui vv•.pletion IoQ ecb
maneuver nn th* second test series, While it I' not possible to attach any statistical
significance to the data found in Table VII, some trends can be noter. and used as
hypotheses for further study or comparisons.

TABLE VII

ESTIMATED PERCENT SUCCESS OF EACH MANEUVER

Maneuver Number Operator No. 1 Operator iN,.. 2

1 90 76

2 50 75

3 75 75

4 90 100

5 10 25

6 90 100

7 100 Po

8 25 50

9 100 100

10 25 100

11 10 25

12 10 10

13 5 90

14 75 75

15 10 50

16 25

17 0 100

18 80

85



The first sIa nanouvers were straight translations, Of these six translations,
unly maneuver numher 5, reverse translation from a prone position, offered ser~ous
difficulty. This difficulty should not be surprising, however, when the nature of i:he
imaneuver is oonsidered. In the rotational maneuvers (?, 8, 9,) only maneuver 8,
rotation in the pitch axis, demonstrated poor completion success. The zero-g walka,
maneuvers 10 to 13, also indicated fairly poor success, It Ib likely that forces pro-
duced by the flexion of the ankle during the walking was greater than the approtimptely
niste pounds of thrust provided by the propulsion system anri therefore the operators
wcre actually forcing themselves away from the surface on wbU'h they were trying to
walk. The results of maneuvers 14 to 18 indicate that the attempt to eagage in siml-
taneous control of both translation and rotation yields relatively low percentage of
succees. Table VIII presents the mean operator ratings for each maneuver component,
averaged across the I8 different maneuvers.

TABLE VIII

ALSAN OPERATOR RATINGS OF EACH MANEUVER COMPONENT

Component X Operator No. 1 X Operator No. 2

Start 4.87 4.72

Rate 4,44 3.78

Stability 3.58 3.50

Attitude Cont. 3.72 4.12

Directional Cont. 4.23 4.31

Range Cont. 4,10 4.00

Overall Rating 4.22 3.88

* A value of "7" is maximum and '0" minimum, "3.5" Is between "good" rnd "fair."
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Theas ratngs indicate that the teAst operntort rated each of the maneuver components
at a level which indicates fair to good control. It is important to note that these ratings,
when compared to other zero-g propulsion systems tested in the Aerospace Mledical
Laboratory air.•raft. Indicate that the system offers considerable po.idormance improve-
merit over the cther systems.

The third and final flight test series used a configuration of the zero-g belt that
yielded total thrusts uf slightly over 15 pounds. Since it was known that the number
of parabolas to be flown would be limited, it was decided to repeat all maneuvers on
which the belt was rated either low or unsatisfactory on the previous test series.
These, including their new rating, are given in Table IX.

TABLE EC

PERFORMANCE RATINGS ON THE ZERO-0 BELT

Maneuver Number Lemeription F 'lag

6 Reverse translation from a prone position 75

8 Rlotation, 3600 forward and 2600 backi.,ard 75
around horizontal axil

9 Lateral Rotation 75

11 7,ero-g walk on wall 25

12 Zero-g walk on ceiling 70

lb 900 change in roll during forwswd translation 50

16 90 change in yaw during forward translation 75

is Straight translation from prone position, stop, 75
1800 pitch rotation, 1800 roll and return to
starting point.

The results of this toot series were most encouraging and gave evidence thiat
with practice, and when a good parabola was flown, any of the 18 manjuvers could be
performed satisfactorily with the belt at the new thrust levels.
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SECTION VII. CCCLUSIONS

In spite of the lack of precise performance data we are of the opirion that the
following conclusions obtained from the development and test of the Bell Zero-B
Belt are warranted:

(1) The belt, in its current configuration, has demonstrated an enoouraging
capability to translate and rotate a man in a weightless environment.

(2) A two-hand controller Is not desirable. It has been determined that a
single-hand controller is necessary so that the second hand is free for
other functions, and to assure an equal thrust applicktion on both sides
to prevent unintentional rotation.

(3) Throttleabiv thrust is required. The operator should be able to v'ry the
thrusL output ovor the entire range of thrusts possible. It is Amportant
that the thrusts utilized for rotational control be optimum for eaoh aWEx
because of the differont moments of inertia present in each axis.

(4) Because of the short expodure to zero g during any one parabola, and
because of the disturbances induced by turbulance and imperfect tvAjon.-
tories, It was not possible to assess man's capability to stabilize himself
without some augmentation. Although later experience with the Mercury
capsule indicates automatic stabilization wastes fkel, the case for, against,
or a compromiL. position cannot Le made on the basis of Lhese test results.

(5) it is recommended that future testing of a manned propulsion system for a
space worker be conducted in a six-degree of-freedom simulator where
greater freedom and duration of performance can be obtained, in the event
that more suitable aircraft and autopilot programmers are developed to
generate muore zero-g time, maneuvering space, and quality of parabolas,
further aircraft testing may prove valuable.

(6) Various techniques have been devised and tried for assessing an operatows
performance when attempting to do specific maneuvers in the C-131 under
conditions of weightlessness. These have included introspect on, written
or ver',al recordings by an observer, and motion pictures. Objective and
subjective assessment has proven very difficult thus far due tn the extran-
eous and unrecorded accelerations imparted to the air mass iu the cabin
that overwhelm the performance of a propulsion unit. The effect of these
extraneous accelerations made analysis of the motion picture impossible.
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Their rilects on thc oibserver recordings and the introspective reports are not
known. Until quch time ad perfect parabolas can be flown consistently, it is doubtful
that oven an automatic recording system would be useful, Until this time, It Is
suggested that the use of performance record sheets, filled In by trtined observers
who can allow for the extraneous disturbances, be ittilized.
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SECTION VIII. RECOMMENDATIONS

The introductory section of this report presented the context within which the
development and test of the 1ell Zero-C Belt took place, It was pointed out that the
orderly development of an operational system for augmenting a space worker's
capability would require research and study on all related problem areas. Althnw•h
this r'eport is primarily concerned with the development and test of the belt, we have
included specific recommendations for additional work in all associated fields of
interest.

As indicated, the development of an optimum self-maneuvering unit for the
orbital worker should be directed toward the Integration of the required life support
systems, propulsion system, stability and control system, and support systems neces-
sary for the required orbital activities. The successful and timely dovelopment oi the
av•bital worker system will require expanded research plus development studies in 9,

number of anron, Figure 47 presents, in summary form, a recommended study plan.
The technical study effort haw been divided Into four major study areas; maintenanc-
task parameters, orbital worker control capabilities, orbital worker environmental
parameters, and stability control and propulsion eoncepts. The discussion that follows
presents some of the more Important research questlo|in that must be thoroughly
studied to accomplish the optimum development of the orbital worker system in each
of the major study areas.

A, MAINTENANCE TASK PARAMETERS

All Inspection, repair, replacement, servicing iuad assembly activitica which may
take place in the orbital environment have beet, grouped It thA mnintennR111e study area.
The following areas represent some of the major problems yet to be solved:

(1) Classes of maintenance activities required.

(2) Level of n'nantenance which will be attempted,

(3) Design for maintainability in space for orbital systems.

(4) Tool requirements for the predicted maintenance tasks.

(5) Torques and linear forces which must be applied to complete tic
predicted activities.

(6) Specification of fastening techniques which will be employed.

(7) Tho levels of remoteness which will be required for maintenance.
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To achieve answers to these queb~tons, predictive and detailed task aLialysia,
studies and task classification mcheraes must be developed. These should entail
thorough enginesaing analyses of the predicted systems, subsystems, and oompon..
ents foi' Aach of the orbital systems and require the positioning of the bcst approaches
to accomaplishing the required maintenance. While a numaer of studies have been con-
ducted in this general area, they have been concerned, for the most tart with theo-
retical analyses of the role of the man la orbital maintenance (4, e, ?' 11). They
have not emphasized the more mundant, but more critical, problems of what wain-
tenanos must be accomplished and what equipments are required to accomplish it.

B. ORBITAL WORKER CONTROL CAPABILITIES

in this area, the concern in with the problems related to the capability of the
orbital worker to translate, with control, In tin orbital environment. The criteria
which must be employed to evaluate the translational performance are those con-
cerned with the degree of control, the rate of expenditure of propellants, atd life
support system constituents. Large study efforts in each of the following problem
areas must be undertaken:

(1) The aucuracy with whioh the orbital worker can orient his reaction con-
trol nozzleh and control his thrust so that an optimum trunslation
trujectory Is achieved.

(2) The accuracy with which the orbits! worker can activate the control system
so that rendezvous im accomplished with a minimum A V and a minimum
rotation rate.

(3) The resultant rotg,.ons in each of the three axes whet thrusts are applied
other than through the center of mass of the orbital worker system Can
the man adequately control these rotations or will his manual control
attempts drive the system into severe oscillation ?

(4) Determination of the best techniques to employ when using mnanual control;
one axis at a time or multiaxis coptrols.

(5) The accuracy with which the og"W A worker can judge closing rates and
durations in the orbital eavironment. Are mixillary systems rn.uired to
present distance and relative' velocity or can the orbital worker judge,
with the required accuracy, these aspects of the visual environment?

(t) The trainlng which is required to yield natisfactory control of tu.) orbital
worker system.
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C. ENV IRON MENTAL PAI1AME'i'Fi9

The study here should be directed toward tWin effects of the orbital eiwlron-
ment on the design of the orbital worker systemn: the probability, nature, aml results
of equipmenta malfunction as a consequence of the environment and the requlremenm
Imposed by the environment ona the design of the orbical worker system. The major
problem kiaI3a are:

(1) High vacuum effects on the external struoture of the orbital wvorfrr s4ystonI.

(2) bAintenance of an appropriate theirmal radiation balance within the orbital
wurkor system.

(0) Protective requirements for shielding the worker from galactlc, solar
cosmic, albedo cosmic, and particle radiation.

(4) Protection against penetration or erosion reaulting from micrometeorite
bomnbardmzent.

(5) Analysis of the visuAl env ironraent as it poses requirements for protsofing
the worker, augmenting his visual skills and spatial orientation.

D. STABILIT, CONTROL, AND PROPULSION CONCEPTS

The only propulsion system designed for trans]-tion of the orbital worker on
which data was sivailable for conuideration in this repijrt wasn the Bell Zero-T.) Belt
described In the previous sections of this paper., it in Important to note, however,
that thin system, being it feasibility model, has only beea capable of studying a ver
few of the mnyM problems Involved In the translation, with control, of an orbital
worker. The source of thrust, compremsed nitrogen gas, is cm%*taiiily not the propel-
lant which will bo utilized in the orbital environment. Its thrust duration of approx-
imately 11 seconds ic certainly not sufficient to translate the worker with adequate
fMel reserv'e ever any realistic operational distances. Hlowever, In spite of these
limitations, we now feel that we can speak positively from our experience with thi
system, and specify the additional studies which are required to develop an optimum
propulsion system. The following study araas reflect our thinking to date in regard
to this problem:

(1) Thrust requirements and the control which the orbital worker should have
over the amount and rate of thrunt generated.

(2) Optimal placement of thrust units, the disparities which ca-, be tolerated,
and the advantages of a few gimballed units over a larger autuber of fixed
units.

(3) k.naiountrol system links which can be used; e.g., complete kinesthetic
control, use of the low'er limba or other body segments, electronic con-
trolb using muscle potentials for signal Inputs, etc.
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(4) Flexibllities which can be Lailt into the propulsion system thlat will make
Ri po03ilblc to use the same basic system in different gravitational fielcls;
i.a,, orbital and lunar.

(5) Optimum propellant to use in a system with respect to storability, specific

irmpulpe, density, vapor pressure, toxicity, leakage tendency, erosivenoss,
availability, controllnbllity, ease of handling, and maLntenan(! req~hinements.

E. APPROACHES TO STUDY

Investigation of the performance characteristics of any orbital work system
concept requires the simulation with a high degree of realism of the unique effects
of the zero-g environment, Three different approacles to this simulation problem
have been extensively studied during the recent years: (1) water immersion; (2) three-
degree-of-freedom air bearing (frictionless) divices; and (3) Keplerian trajectories.

1. Water immersion

Water immersion techniques have been used primarily in an attempt to
provide an environment which compensates for the earth's gravity by suspending E
subject in water which has approximately the same specific gravity as the human
body. Any study of the response capability of the subject to perform in this environ-
ment for the evaluation of any proposed propulsion or stability, and control svytems
will be severely restricted by the damping effects of the water. Therefore, this
approach do,.s not offer the capability of studying the dynamic performance of any
orbital worker system or determining the capability of the operator to cont•ul the
iaystcm in the orbital enviroe-ment, For limited studies of task actomplishment at
a work site, however, this technique appears to be woeful.

2. Three-JDegree-of-Freedom Air Hearing Devices

There are a number of devices in existence in this country capable of
sirnulatIng the dynamics of weightlessness in two dimensions. Such air bearing
platforms simulate two translational degrees of freedom (lateral and fore/aft), and
one rotational degree of freedom. These devices, while valuable it studying limited
performance of propulsion, atability, and- oontrol systems, do not enable the valid
study ei the capability of the human to function In the weightless state simultaneously
in all six degrees of freedonm. The validity of extrapolation of data collec' ed on such
devices to six-degree-of-frecdom problems ,nusý be questioned fur a basic reason.
All of the dynamic effects of a force exerted in a given axis are traiinlated into the
planes of friotionleso motion and do not validly represent the rosponoes tht would
occur if -il translational and rotational axes were frictionless. Thus, the interpreta-
tion of the resultant responses of a body located on a two-dimensional air bearing
platform must be regarded as suspect,
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AituLhcv chass of three-degrec-of-freedoun devives which is rpnd,! u1 slmu-
Dat•ng the inurtial effects ul weightlessness is rcpreo•ented by the MASTIIF', locawd
at NASA, Eawiv Research Center. Tias facility while valid for studying the capability
of the astronaut In damping epins in up to throu rotatiLonal nxea, offers nu 011pability
for studying the abililLy of the astronaut to slmultaneouoly control both the translptional
and rotational degrees of freedom.

In summary, the three-degree-of-freedom air bearing devictis offer the capability
of collecting preliminary Information to questions centered around the capability of the
human to translate and control movements in the weigI~tlesS environnmenm. They do not
offer the capability of anowering the critical problems which ariu present in the true
six-degree- of- freedom case.

3. Keplerian Trajontorles

Such trajectories performed in an aircraft of a size sufficient to permit a
man to maneuver in nn unrestricted manner, offer 10- to 20-second periods ol zero
gravity in six degrees of freedom. Rotation in all three axes is possible but transla-
tion distances are restr:lctad by the physical eimensions of the aircraft interior whic,,
must remain small. Also, extraneous accelerations of the air mass within the "abin
of the aircraft are induced when turbulence is present in the atmosphere durinr the
parabola or when pilot technique is less than perfect. These induced accelerations
greatly effect the ability oa the man to perform translational or rotational maneuvers
and thereby project unknowna into the research data. In addition, the effects of the
relatively high gravity fields, both prior to and immediately following tihe z.e, gravity
period, ma, significantly affect the capability of the subject to perform durig the
zero gravity period.

In spite of these Ohnr•tnmmgs, tlhe simulation of zero Wravily during aircraft
trajectories must be considered 'he best inedluto currently available for ;.lmulatioln of
the frictionless effects of weightiesinevs on bodies. flurthermore, the programmed
use of the Lockheed C-130 by persmoil of the Aerospace Medical Research Laboratory,
will greatly inorease the duration of the zero gravity trajectories and tha translational
distances capable of being simulated. However, the time restriction which is impused
by simulating zkoro gravity in this manner must be regarded as a severe limitation on
the use of this technique for research purposes. In addition, the cont of operating the
aircraft during the flights is high and recurring, which placca a severe finanoial load
on a researnh tudget.

4. Improved Simuintion Approaches

Improved ý.echnlques rtuat be developed for simulation of `c frictionless
ur|peuta of the orbital environment. One approach that appears to offer the necessary
simulation fidelity ip a six-degroo-of-freodom simulator. This device will enable
valid study of the capaldlites of the hum,, to control performance In ali axes during
translation. Souh a raullity would enable study of a majority of the research problems
listed above and would onable the prc 31se collection of performance data during the
evaluation process.
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APPENDIX

SIMPLIFIED EQUATIONS OF MOTION
FOR SRLD - UNCONTROLLED

W/2 y

Moments 4• total cg (Assurding No Motion Along• Y)

57.3 cg

Since =ttIfiT and Aycg = Lto LTotal y7,3 L

Then I_ L.. WLZIL

SForceo along. x

og

57.3

Moments of Legs at tIlgp Axis

57.3 9g



S6M 1 , 1WL 8L
ZL [L ' "L og 57.3 L L 5L.3

M - ( ÷ E ,--- L-- [ + _ M _ = a L K
or1  L cg =3aL5.

These equations take the form

+÷ Ok WL L) S-o

r . r K 57.3
(ZL+zcg)JX L .MIZ+Z70)J]

6+ -7--k o8 a o

From solution of Laplace Transform

8 - coo wht
60

Where WLZL A sin wt57.3 K LI

Wheri; A k I 2 L-

WL2 z L
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"rhe simplified equarions of motion with thrust vocLur control are as follows:

Y 7

Total System og o

Liower Extremity ..- Hip axis with springstiffness KL - ft - lbs/deg

LL

Moments at total og (assume no motion along Y)

Li.L •7-" + f _ °a; whorc B -- K9 Pilot Control

57.3 57.3 L 57.3 C a

SForces Alonr, X
Mtotal 57157. (9 + 80)

Z Moments at Hip Axis (c" Legs)

z KL + W L ZL

ZL [MXk -( ZL + Zcg) 573 KL 8 L+ 5 ) 8 L

or
r M L KL W I

"ML -zL + 57L -- L +L '3 T3 L L
~L gL
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These equations tak.m the forru,
W1 .0 x WL E

0 + t1 + *X0 +( 0

57, 03 L 5It

x

whe re2

+K.L L(. 1- K) X+
57.3KI + K

Solution Laso re ence datanfor yiesa

where2

A73K L I ____

AJ 
1~ K, g( )i

The tormo roference diata for these oquatjunis is shown in Figure 48,
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TORSO DATA (Ri*ferenea W:•DC Tit 55-159)

MEDLA$ CLASS:

Total height - 69.5 inches

Distance from top of head to cg - 30 Inches

Hip axis to bottom of feet - 35 inches

Hip axis to total cg a 4. 5 inches
Hip axis to cg of lower extremities - 15 inches

Total weight - 164 pounds

Weight of lower extremities - 66.4 pounds

Moment of inertia (EST) * 20 slug ft2 (This value has been corrected to
12.24 based on Ref. Aerojet Report.)

103in

16.8 in.J 1upper

Toteal- ,

Hip eg.' 69.5 in.

Torso cg

nspre 4s, roreo Reference Data
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